Three-dimensional precision simulation of pore closing during cylinder upsetting is carried out in this paper. A matrix of pores on the longitudinal section of a cylindrical material is traced at the same time. Various ratios of pore-to-cylinder diameter are tested to reveal their effect on the pore closing phenomena. Hydrostatic pressure and effective strain as well as the order of pore closing are investigated in detail to find out major factors affecting pore closing. It is shown that the effective strain has a strong relationship with the pore closing phenomena and that the finishing time of pore closing increases as the ratio of pore-to-cylinder diameter increases but that the pore size effect becomes negligible if the ratio exceeds a critical value. An intelligent metal forming simulator AFDEX 3D is used.
Introduction
In open die forging of large mechanical parts including ship engine parts, wind power generator parts and the like, the cast material, that is, the cast ingot, is progressively formed to the desired shape by a series of upsetting or cogging processes. The major purposes of the open die forging include improvement of product quality as well as material saving. In general, a large cast ingot has many cavities or defects especially near its central region. These may cause deterioration of product quality or decisive damage of the system. For this reason, the pore or cavity closing has attracted interests of the researchers on the open die forging of the large mechanical parts for a long time. In spite of its significance, the related research works are not sufficient enough to be a guide for process design engineers. The reason lies in that both experimental approaches [1] [2] [3] [4] 8, 10, 11, 12 in which the pore shapes were considered as pipes in plane strain approach or rings in axi-symmetric approach. On the contrary, in recent years, most researchers on these topics have used three-dimensional finite element methods 9, 13, 14 .
However, it is not easy to find research works on precise simulation of pore closing of small spherical pores even though several researchers have tried to apply them to solving the pore closing phenomena. The reason has caused from some difficulties in remeshing because geometries of the pores during being closed are too complex to be automatically remeshed.
In recent years, Lee et al. 15 developed an intelligent mesh generation technique and applied it to an intelligent metal forming simulator AFDEX 3D 16 , based on a rigidthermoviscoplastic finite element method and tetrahedral MINI-elements. In this paper, the pore closing phenomena is investigated using AFDEX 3D.
Simulation of Pore Closing in Cylinder Upsetting
Detailed pore closing phenomena during cylinder upsetting in open die hot forging of large mechanical parts have not fully revealed until now, even though its major purpose is to improve product quality by closing the internal pores in a mechanical way. Large size of a material has discouraged the researchers to approach empirically to the problem and poor remeshing capabilities have also limited application of the simulation technologies to solving the problem. Recently Lee et al. 12 developed an intelligent remeshing technique and applied it to developing an intelligent metal forming simulator, called AFDEX 3D. The intelligent remeshing technique is based on various surface mesh quality optimization schemes 17, 18 , which is essential to solve the pore closing phenomena with higher accuracy. We thus applied AFDEX 3D to solving the pore closing phenomena in this study. Figure 1 shows the initial material of which diameter and height are all 300 mm. In the figure, all pores are located equally on the twelve planes of symmetry, evenly spaced by the circumferential angle of 30° and a matrix of ten pores having the same diameters is located on each plane. The diameters of the pores investigated involve 2.5 mm, Using the symmetry of the process, only one forty-eighth of the cylinder was considered as the solution domain as shown in Figure 2 . During simulation, the number of tetrahedral elements was controlled to be less than 40000. When mesh densities were calculated for remeshing, not only state variables including the effective strain and effective strain-rate but also geometrical features including the surface curvature were considered 15 . However, user-intervention during the whole simulation and mesh density control using special user-defined mesh density functions 18 were excluded.
During automatic simulation, when a node on the material surface penetrated into the material, then the related region was considered as closed. Overall procedure of pore closing and disappearing for the 15 mm pore diameter case is shown in Figure 3 and detailed pore closing history of Pore 1 is shown in Figure 4 . As shown in these figures, mesh densities near the pores were well distributed and thus even small shrunk pores did not disappear artificially during remeshing. Throughout the whole simulation, 65 remeshings were conducted to obtain the solutions shown in Figure 3 . Figures 5(a) and 5(b) show variation of the hydrostatic pressure and effective strain at all the pore locations with the stroke or reduction for the 15.0 mm pore diameter case, respectively. The lowest point of the pore was traced to measure those state variables. Figure 6 shows the reductions at which each pore disappeared for all the cases of six different pore diameters. Figure 5(a) shows that hydrostatic pressure changed drastically from negative to positive during pore closing. It can be seen from the figure that the hydrostatic pressures at all pores were narrowly distributed before pore closing started while they were relatively widely scattered to the contrary after pore closing finished. It is noted that the hydrostatic pressure at Pore 2 was relatively high in comparison with the other pores except Pore 6 even though Pore 2 closed last as can be seen in Figure 5 (a) and Figure  6 (a), indicating that the hydrostatic pressure has no direct influence on pore closing.
On the contrary, the order of pore closing that can be seen in Figure 6 (b) for the 15 mm pore diameter case is nearly the same with the order of pores having higher effective strain in Figure 5 5772 M. Lee et al. case that all pores but Pores 3 and 5 closed when their effective strains reached around 0.5 while Pores 3 and 5 closed when they reached around 0.6. This fact might be associated with the effect of hydrostatic pressures because they are lowly ranked as seen in Figure 5(a) . The hydrostatic pressure may also play an important role in determining the order of pore closing if the effective strains of two pores are nearly the same, as can be seen from Figures 5 and 6(a) for Pores 1 and 5. It is thus concluded that the hydrostatic pressure plays an indirect but non-negligible role in pore closing.
It can be also seen from Figure 6 (a) that the finishing time of pore closing increased on average as the pore diameter increased but that the pore size effect became negligible when the pore diameter exceeded 7.5 mm. 
Conclusions
In this paper, three-dimensional finite element simulations of pore closing in cylinder upsetting was carried out using AFDEX 3D, a general-purpose intelligent metal forming simulator based on the rigid-thermoviscoplastic finite element method and tetrahedral MINI-elements. Various ratios of pore-to-cylinder diameter, that is, 2.5/300.0, 5.0/300.0, 7.5/300.0, 10.0/300.0, 12.5/300.0 and 15.0/300.0, were considered and a matrix of pores located on the longitudinal section of the cylindrical material was investigated. It was observed that the finishing time of pore closing increases as the ratio of poreto-cylinder diameter increases but that the pore size effect becomes negligible if the ratio exceeds 7.5/300.0. It was found out that the effective strain has strong and direct relationship with the pore closing phenomena but that the hydrostatic pressure has indirect and secondary influence on pore closing.
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